The fabrication of SiC MEMS pressure sensor based on novel vacuum-sealed method is presented in this paper. The sensor was fabricated using surface micromachining. Due to its excellent mechanical properties and high chemical resistance, PECVD (Plasma Enhanced Chemical Vapor Deposition) SiC was chosen as structural material. Polyimide is the sacrificial layer which solve stiction problem in process. STS PECVD system is utilized to realize releasing, deposition and vacuum sealing consecutively in the process chamber. By eliminating wafer cleaning between these processes and dry etching of sacrificial layer, stiction problem is prevented. Therefore, this new process achieved high yield and low cost.
Introduction
There is huge market for MEMS sensors application in harsh environments, especially in automotive industry and space exploration [1, 2] . SiC has good mechanical properties and high chemical resistance [3] , which made it as one of the best candidates in this field, for example SiC pressure sensor. The properties of PECVD amorphous SiC can be controlled by modifying the deposition conditions Since SiC has high resistivity, an extra W layer is deposited to form electrodes. This metal layer also increases the mechanical reliability of sensors [4] .
Research is currently being done in capacitive pressure using surface micromachining. Materials such as SiO 2 [5] , PSG [6] , photoresist [7] , inter layer dielectric (LID) [4] , are commonly used as sacrificial layer. Most of them can only be efficiently removed by wet etching; however the inherent stiction issue drastically reduces the yield of products. A variety of anti-stiction methods, such as sublimation method [8] , are available to prevent stiction problem. But the complexity of the fabrication increases making the process heavy. C. W. Liu et al also presented a novel fabrication process using SU-8 and PMMA for micro pressure sensor without problem of stiction [9] . However, SU-8 and PMMA are polymer, which limited pressure sensor operating accurately at high temperatures or in chemical environment.
Polyimide, which can be conveniently removed in rich oxygen plasma, has been reported as sacrificial layer in many MEMS devices [10, 11] . However, in order to keep facilities clean enough in the clean room, silicon wafer is usually required to clean before entering many facilities such as LPCVD or PECVD furnace. Although the structures could be released successfully by dry etching in conventional plasma degumming machine, the wet cleaning before the PECVD process would result in stiction problem again.
In this paper, the capacitive pressure sensor is fabricated using polyimide as sacrificial material and PECVD SiC as the mechanical material. A novel method is put forward, which realizes the releasing, deposition and vacuum sealing consecutively through the STS PECVD system. Combined with dry etching of sacrificial layer, stiction problem is prevented by eliminating wafer cleaning between these processes. This novel method greatly simplified the fabrication process, and achieved high yield and low cost.
Study of materials
As a sacrificial layer, polyimide can be released by either wet etching or dry etching. Despite of the advantages of convenience, wet etching has poor accuracy attributed to undercutting. There are two dry etching methods: oxygen plasma etching and RIE, respectively corresponding isotropic etching and anisotropic etching.
In the experiment, oxygen plasma etching was carried out after the complete curing in conventional plasma degumming Here we can find out that etching rate rises with the parameters increases. The upper one in Figure 1 shows that slight decline of the last point can be interpreted as the etching rate reached saturation which is limited by the equipment. 
Design and Fabrication
The capacitive pressure sensor consists of an array of square pressure sensitive membranes. Each single pressure sensor is comprised of a stationary bottom electrode, an insulator silicon carbide layer to separate the two electrodes, and a pressure sensitive membrane on which there is the top electrode, as shown in Figure 2 . The sacrificial layer contains a squareshaped cavity and associate 14 etch channels that radiate from the perimeter of the cavity. The equation for capacitance is
where C is the capacitance, 0 ε is the permittivity of free space, r ε is the permittivity of air in the cavity, A is the area of the electrode, and d is the distance between the two top and bottom electrodes. The top and bottom electrodes are interlinked by metal-lines respectively to increase the total value of the area A in equation (1) so as to increase the capacitance output C.
Surface micromachining technology was used to fabricate the pressure sensor. The process flowchart is shown in Figure  3 .
(1) On the silicon wafer the insulation layers were applied: thermal silicon dioxide followed LPCVD Si 3 N 4 with thicknesses 1000 Å and 2200 Å respectively. Then W was sputtered with a thickness of 1500 Å. After lithography the layer was RIE etched to form the bottom electrode (figure (a)). Before the spinning a 5-6 s delay was applied to let the polyimide relax and flow on the silicon surface. Spin speed of 4000 rpm with a fixed spin time of 50 s. The curing of polyimide was performed in N 2 atmosphere to prevent the quality of polyimide film from environmental impact. The complete curing condition is showed in figure 4 . When the temperature reached 350°C, equipment was powered off, and the curing process lasted until the temperature of the equipment was down to the room temperature. After curing the layer was patterned by RIE to form the sacrificial structure ( figure (b) ). figure (e) ). (6) At this point the wafers were cleaned before releasing the structures in the PECVD furnace, to assure that the surface of the wafers was clean. The releasing process is at 300 mTorr at 300°C with an O 2 flow of 400 sccm and power of 300 W, which assure that the polyimide was entirely removed in rich oxygen plasma at the least time. Next the gases were changed again to deposit SiC sealing layer with the same conditions as these in step 3. After enough depositing time making sure that the cavities were sealed successfully, the vacuum-sealed cavities with pressure below a few hundred millitorr were produced ( figure (f) ). (7) In order to realize successful sealing, the SiC sealing layer may be a little thick, which will drastically decrease the sensitivity of the pressure sensor. So another RIE process would be applied to the whole wafer so as to eliminate this phenomenon. A SEM picture of one single membrane after successfully removing polyimide through the STS PECVD system is shown in Figure 5 . Figure 6 shows a scanning electron micrograph of one etch hole where the SiC sealing layer has not been deposited. We can see that the polyimide in the channel has been removed successfully. The STS PECVD system is proved to be able to releasing polyimide by changing the gases in the furnace to oxygen. Also there is still some remnants polyimide at the etch hole. Although it would not influence the final result of the pressure sensor, this phenomenon has been under research. And the SEM picture of pressure sensor will be supplemented in the final paper.
Results and Discussions
Here a pressure sensor for harsh environments was designed and fabricated using a novel method. PECVD SiC was used as the main material. Due to its good mechanical properties and extreme chemical inertness, the pressures fabricated can be well protected in ambient environment and work for a long time with a excellent stability. Figure 6：A local view of etch hole after releasing.
remnants polyimide
Polyimide was used as the sacrificial material, which was removed by rich oxygen plasma in the PECVD system. By eliminating the in-between wet-cleaning process and realizing dry etching of sacrifice, the stiction problem was solved effectively. And the fabrication process was simplified greatly.
The STS PECVD system was used as the main facility in our fabrication process, which works at a low temperature. This would make the process be compatible with the conventional CMOS process. The integration of the pressure sensor and other testing electronic circuits would greatly decrease the influence of the parasitic capacitance in the circuits.
In addition, the STS PECVD system works at a low pressure. By depositing the SiC layer, the cavities were sealed with a few hundred milltorr which was determined by the working pressure in the PECVD system. It realized the dual purpose, depositing and vacuum-sealing, at one time.
Conclusions
In this investigation, we utilized novel vacuum-sealed method to fabricate the high temperature capacitive pressure sensor. Combined with polyimide sacrifice technology, STS PECVD system could round of the trio of releasing, deposition and vacuum sealing. This technology could solve the stiction problem and simplify the process greatly and would be helpful to realize the vacuum-encapsulation in the MEMS fabrication.
